R e s e a r c h A rtic le T h e im p a c t o f a n t e r i o r c r u c ia t e l i g a m e n t DEFICIENCY AND RECONSTRUCTION ON BILATERAL THIGH MUSCLE ACTIVITY DURING STAIR DESCENT
INTRODUCTION
The control of electromyographic (EMG) gait patterns in normal individuals involved in w alking activities and functional daily activities has been exten sively examined (Ciccotti et al, 1994; Olree and Vaughan, 1995) . The contri butions of quadriceps and hamstrings m uscles respectively in controlling movement around the knee joint is also well docum ented. The ham string muscles act as a secondary stabilizer of the knee joint in the normal individual, (Aune et al, 1995) . The q u adriceps m usculature either increases or decreases anterior tibial translation forces depending on the angle of knee flexion (Andriacchi et al, 1992) .
There are alterations in the normal muscle activity pattern after ACL injury (Solomonow et al, 1987) . With ACL deficiency, the hamstrings muscles show increased activity during extension while the quadriceps muscle activity is inhi bited during ballistic movements (Liu and Maitland 2000; St Clair Gibson et al, 2000 (a) ; St Clair Gibson et al, 2000 (b) ). T hese changes may be related to increased anterior tibial translation, w hich occurs in ACL deficiency (Solomonow et al, 1987) . Most (Gauffin and Tropp, 1985) , but not all research (Pope et al, 1990 ) support these findings.
It has been suggested that there are centrally-m ediated changes in gait patterns which may occur in both limbs (Hurwitz et al, 1997; Berchuk et al, 1990) as a "quadriceps avoidance behavior" to reduce stress on the ACL deficient knee. Others suggest that this protective behavior may be a learned response activated several years after ACL injury (DeVita et al, 1997) . It has been shown that ACL reconstruction changes muscle activity towards a more normal gait pattern in the damaged limb (Ciccotti et al, 1994) , although studies have shown either no improve ment in quadriceps function (St Clair Gibson et al, 2000 (c) ) or changes in hamstring activity in the damaged limb after ACL reconstruction (DeVita et al, 1997) , depending on the testing protocol used.
The aim of this study, therefore, was to assess whether stair descent, which predisposes the descending limbs to anterior tibial translation, causes muscle pattern changes in both injured and uninjured limbs in subjects with ACL deficiency and in subjects who had undergone surgical ACL reconstruction.
METHODS

Subjects
Thirteen subjects with ACL deficient knees, 8 subjects with ACL reconstruc tions and 10 control subjects participated in the trial. The method of recruitment for the ACL deficient (ACLdef) and ACL reconstructed (ACLrec) subjects was by advertisement in the local press, and by referral from orthopaedic sur geons. Inclusion criteria for the ACLdef subjects were: (i) the subjects had to have sustained an ACL rupture at least one or more years previously which had been diagnosed by an orthopaedic surgeon and which had been managed conservatively with no attempt at repair of the damaged ligament; (ii) subjects' contralateral knee joint had to be normal with no prior injury; and (iii) subjects had to be disease free. The only different inclusion criterion for the ACLrec group was that the subjects' ACL had to have been surgically reconstructed one year or more previously. The inclusion crite ria for the control subjects (CON) was that they had no history of knee injuries or lower limb abnormalities in either limb. In all groups, because the subjects' normal limb served as an internal control, age and gender were not regarded as exclusionary criteria. The study was approved by the Ethics Committee of the University of Cape Town and all subjects signed an informed consent prior to the start of the trial.
Magnetic resonance imaging (MRI) scan
Each subject underwent an MRI scan (Esaote Biom edica Artoscan, Genoa, Italy) of the damaged knee to verify ACL deficiency and ACL reconstruction.
Injury Score
A detailed history was recorded from each subject, describing the episode which led to the ACL rupture and the post-injury symptomatology, using the Cincinnati functional rating scale (Noyes et al, 1984) .
Anthropometry
Each subject's height and mass were recorded, and their body fat was assessed using the sum of the skinfold m easurem ents of the right triceps, biceps, subscapular and supra-iliac skinfold sites (Durnin and Womersley, 1974) . In addition, the anterior mid-thigh skinfold measurement, the sub-gluteal, mid-thigh and above-knee circumfer ences were recorded in both limbs to calculate the lean thigh volume (LTV) of the right and left legs. This technique for estim ating LTV, which was adapted from Katch and Katch (1974) , assumes the upper lower limb to have the shape of a truncated cone. The technique has been validated against LTV assessed by MRI (Knapik et al, 1996) .
Step down activity
The subjects in all groups were instructed to step down off a single wooden step 25 cm in height. The same wooden step was used for all subjects in the trial. The subjects were familiarised with the step activity before beginning the trial, and each subject performed three warm up step downs leading with both left and right feet.
Once the subjects were familiar with the testing protocol, they were instructed to remain standing motionless on the step apparatus. On being given the com mand to begin, the subjects initiated m ovement with their ACL deficient/ reconstructed limb and in a regular process descended to the ground leading with their ACL deficient/reconstructed limb. The test was concluded when the supporting foot had reached the ground and the subjects were again stationary. In the results and discussion section, the descending limb is defined as the foot initiating step down activity and the supporting limb defined as the limb remaining on the step until toe strike and stance phase of the descending limb occurs.
Electromyographic (EMG) activity
Prior to the step down activity, EMG electrodes were attached to the subjects' lower limbs. The vastus medialis (VM), vastus lateralis (VL) and hamstrings (HAM) muscles of both legs were the muscle groups used for EMG assessment.
The electrode was positioned over the main belly of VM 8 cm proximal to the superior border of the patella in a line measured from the middle of the superior border of the patella to the anterior superior iliac spine, and 5 cm medial to this line in a perpendicular direction.
The position of the electrode on the VL was 3 cm anterior to the midpoint of the line between the lateral femoral epicondyle and the greater trochanter of the femur. The position of the electrode on the HAM muscles was at the midpoint of the line between the lateral femoral epicondyle and the greater trochanter of the femur in the axis of the line between the ischial tuberosity and the midpoint of the posterior aspect of the knee joint.
The skin overlying the muscles was carefully prepared. Hair was shaved off, the outer layer of epidermal cells abraded, and the remaining oil and dirt were removed with an alcohol pad. Triode elec trodes (Thought Technology TriodeTM M IEP01-00) were placed on the m us cle positions described previously and linked via fibre-optic cable to the Flexcomp/DSP EMG apparatus (Thought Technology, Montreal, Canada) and host computer. Each step down activity was sampled at 1984 Hz for the duration of the test, thus yielding raw EM G signals. A toggle switch was activated at the beginning of each test to mark the startpoint of the test procedure.
M ovem ent artefact was rem oved from the raw EMG signal using a highpass second order Butterworth filter with a cut off frequency of 15 Hz. The signal was full-wave rectified and then smoothed with a low-pass second-order Butterworth filter with a cut-off frequency of 5 Hz (Winter, 1984) . Normalisation of the data was based on the toggle-switch data using the descending limbs contact with the floor as the reference point, and by dividing each data point by the maximal value after full wave rectifica tion and smoothing elicited during the step down procedure (Winter, 1994) . The damaged limb in the ACL subjects and the left limb of the control subjects were used as the leading limb.
Statistics
Total area under the curve for EMG activity data vs. time was analyzed prior to norm alization o f the data using Graphpad Prism software (GraphPad Software, Inc., San Diego). All data are Table 1 shows the descriptive data of the subjects in the trial. There were no significant differences between height, weight, and percentage body fat between the three groups. The CON group was significantly younger than the ACLdef and the ACLrec groups (p < 0.01). The subjects in the ACLrec group had under gone the following surgical procedures: five bone-patellar tendon-bone reconstruc tions, 2 semitendinosus reconstructions and 1 primary repair reconstruction. Both the ACLdef and ACLrec groups had significantly lower scores than the CON group for the Cincinnati functional rating scale (62.0 ±10.0 vs 83.6 ± 7.2 vs 100.0 ± 0.0; ACLdef vs ACLrec vs CON; p < 0.01). The ACLrec group had significantly higher total scores than the ACLdef group (p < 0.01).
The difference in LTV between limbs was significantly greater in the ACLdef group than the CON group (3 ± 84 vs 416 ± 276 cc; CON vs ACLdef; p < 0.01). Although the difference in LTV between limbs was greater in the ACL rec group than the CON group, the differences were not significant (3 ± 84 vs 238 + 224 cc; CON vs ACLdef) There were no significant differences between ACLdef, ACLrec and CON groups for area under the curve EMG values in VM, VL and HAM muscles o f the descending injured limb during step down activity.
There were no significant differences betw een ACLdef, ACLrec and CON groups for area under the curve EMG values in the VM muscle of the support ing limb during step down activity. The area under the curve EMG values were significantly higher in the ACLrec than both A CLdef and CON groups for both the VL (17223 ± 6004 vs 9632 ± 7302 vs 7824 ± 2281 mV; ACLrec vs A CLdef vs CON; p < 0.05) and HAM (13740 ± 4730 vs 7436 ± 3737 vs 7264 mV; A C L def vs ACLrec vs CON; p < 0.05) muscles in the supporting limb.
The EMG gait pattern o f control sub jects during step down activity for the VM, VL and HAM muscles o f both the descending and supporting limbs are depicted in figure 1. The time point of the descending foot making contact with the floor and subsequently bearing weight is delineated by the dashed line. The maximal EMG activity in the descending limbs occurred immediately after toefloor strike for both VM and VL. The activity in HAM in the descending limb also reached maximal values soon after toe-strike, but showed more of a plateau than peak shape, compared with the VM and VL.
In the control subjects supporting limb, the timing of maximal EMG was earlier than that in the descending limb, and occurred at almost exactly the same time as toe strike of the descending limb in VM and VL. The shape was similarly a sharp peak with activity decreasing rapidly after toe strike. In the hamstring musculature the activity increased grad ually then plateaued and was maintained after toe strike (Figure 1) .
The activity patterns in the VM, VL and HAM muscles of the descending injured limb of the ACLdef and ACLrec were essentially similar to the CON group and are not illustrated. Figure 2 depicts the EMG activity pattern in VM o f the supporting uninjured limb. The activity patterns of the CON and ACLdef were similar. In the ACLrec group, the peak EM G acti vity in the VM occurred earlier, prior to the descending limbs contact with the floor, than in both the CON and ACLdef groups. Sim ilar differences betw een ACLrec and ACL def and CON groups EMG activity patterns to those in the VM were found in the VL of the sup porting limb (Figure 3) . The EMG acti vity patterns in the HAM muscles of the supporting limb was sim ilar in all groups.
DISCUSSION
The first important finding was that there were differences in the EM G activity patterns of the supporting limb in the ACL reconstructed group, with an increased amount of EMG activity in the vastus lateralis and hamstring muscles and earlier firing in the vastus medialis and vastus lateralis muscles. A possible explanation for these differences in EM G activity was that these changes were an attempt by the supporting limb to reduce the force placed on the damaged limb during the step down activity. This would protect the ACL reconstruction from increased anterior tibial translation in the ACL reconstructed knee after toe strike. Similar functional and EM G activity pattern changes follow ing ACL reconstruction have previously been described in the litera ture (DeVita et al, 1997; Pfeifer, 1997) . Several researchers have hypothesized that graft harvesting intra-operatively causes changes in EMG patterns in both limbs (Pfeifer, 1997; K ow alketal, 1997) . A nother explanation for this EMG activity pattern change could be that there is a learned protective response which occurred in the short-term reha bilitative phase after ACL reconstruction was performed. It has even been sug gested that the altered gait patterns may be a learned response to long term use of a functional knee brace after ACL reconstruction (DeVita et al, 1997) .
The finding that this protective avoidance pattern occurred only in the ACL reconstructed group and not in the ACL deficient group is significant. The changes which were described previously as an inhibitory quadriceps response, which occurs during isokinetic move ment and is present in ACL deficient groups damaged limb as opposed to sup porting limb (Solomonow et al, 1987;  St Clair Gibson et al, 2000 (c)), is likely to have a different underlying mecha nism. The mechanism in this study can be interpreted as a protective excitatory response in the supporting uninjured limb occurring after ACL reconstruction, with the m echanism identified by Solomonow et al (1987) is more likely to be a reflex inhibitory response of the quadriceps muscles in the injured limb of chronic ACL deficient individuals.
In contrast to the findings of this study, Bulgheroni et al (1997) found that during treadmill walking ACL recon structed subjects had normal muscle activity patterns, while ACL deficient subjects had altered m uscle activity patterns. Sim ilarly, a "quadriceps avoidance gait" (Berchuk et al, 1990) and changes in ham string firing pat terns (Ciccotti et al, 1994) have been described in ACL deficient subjects during flat treadmill walking. This find ing was not present in the ACL deficient subjects used in our trial. These contra dictory findings may be due to differ ences in testing protocols -walking on a flat straight surface in the study by Bulgheroni et al (1997) rather than the step down activity used in this study.
Step down activity caused no signi ficant changes in EMG activity in the vastus m edialis, vastus lateralis or hamstring muscles of the descending limb of the ACL deficient group. This finding contradicts the EMG changes described in previous studies of ACL deficient subjects (Solomonow et al, 1987) . The discrepancies in these find ings may be due to the fact that loading of the ACL is angle-specific (Shelburne and Pandy, 1997), and the knee joint angles traversed in step down activity did not stress the knee joint sufficiently to evoke the ACL -quadriceps response described by other investigators (Gauffin and Tropp, 1985) . Indeed, it has been demonstrated that beyond a flexion angle of 70o, quadriceps contraction parado xically reduces strain on the ACL during step activities (Hurwitz et al, 1997) .
Although there was a significantly decreased LTV in the ACL deficient limb, there were no significant differ ences in LTV in the supporting limb in either the ACL deficient or ACL recon structed groups, indicating that the EMG pattern changes in the supporting limb were not caused by changes in muscle size. Although LTV decreases between limbs were significantly greater in the ACL deficient group than in the ACL reconstructed group, there were no changes in either the quantity or pattern of EM G activity. As stated previously, the step down activity may not have applied sufficient force to the damaged limb to produce the changes in EMG activity described by Solomonow et al (1987) in the ACL deficient limb.
It must be noted that the ACL recon structed group was a fairly hetero geneous, small sample size. Kinematic analysis was not performed of the sub jects limbs during step down activity, thus the speed at which the step down was performed was not assessed. The ACL reconstructed subjects may have stepped down more slowly then the ACL deficient and control groups, which may alter the pattern and relative dynam ic activation of the different muscle participating in the movement. The changes may therefore have been caused by a change of speed of stepping rather than an actual re-organization of the muscle activity patterns in the ACL reconstructed group. Further studies therefore should examine a larger sample size and control for speed of stepping using kinematic analysis.
It must be noted also that the control group was significantly younger than either the ACL reconstructed or deficient groups. However, as described earlier, as the subject's normal limb served as internal controls, and because ACL deficient individuals has similar results to the control group, it is unlikely that the differences in the ACL reconstructed group were caused by age associated changes in muscle activity.
From a clinical perspective, it would appear that the changes in the ACL reconstructed group are related to pro cesses occurring either during the operative reconstruction or post-operative rehabilitation which may have been different compared to that in the ACL deficient group. Although the step down activity patterns in the ACL reconstructed group are different to those in the con trol group, it would appear that they serve a protective function teleologically. As previous studies have shown that ACL reconstructed subjects suffer fewer episodes of giving way and less func tional disability (St Clair Gibson et al 2000 (c) ), the changes in activity in the supporting lim b may be beneficial. Therefore, physiotherapy protocols aimed at norm alizing these altered m uscle patterns may be counter-intuitive. However, it is not clear from this study whether these altered firing patterns would predispose the supporting limb to future injuries. Further research is required to assess the injuries to the sup porting limb after ACL reconstruction.
In conclusion, in ACL reconstructed subjects, the uninvolved supporting limb appears to have altered muscle activity patterns during step down activity. In contrast step down activity does not alter muscle activity patterns in ACL deficient subjects. Further research is needed to assess the reason for these different findings in ACL reconstructed and ACL deficient individuals. 
